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The wind speed at hub height is representative for the 


wind speeds which prevail over the rotor disk. 


The average wind speed is representative for all the 


wind speeds of the averaging period. 


The extrapolation formula is rather accurate. 


The WECS power output has been calculated by combining 

hub-height wind speeds with the steady-state performan- 
ce characteristic of the wind turbine. The main charac- 
teristics of the WECS which were examined in the studies 


are listed below: 


GROWIAN I Aeolus 


rated power (MW) 3.0 2.0 
cut-in (m/s) 6.5 6.3 
rated (m/s) 7و‎ 13.1 
cut-out (m/s) 24.0 21.0 
hub height (m) 100.0 80.0 

















The range of the annual WECS power output is given in 
Tab.1. The values do not take into account that there 


may be losses due to forcea outages or maintenance. 


Tab.2 gives the percentage of annual hours during which 
the wind speed is either above cut-out or below cut-in. 
Considerable improvements can be expected through site 


diversity as can be seen from Tab.3. 





of the wind turbines is often unknown, for example. We 
therefore used a simplified approach to take into account 
the changes in unit commitment and dispatch strategy and 
the cost which are incurred by these changes. The ap- 
proach consisted in subtracting up to 15$ from the WECS 
output (operating penalty). The percentages have been 
inferred from the literature on the impacts of WECS on 


system operation; see e.g. [4], [7], [8] and [9]. 


System reliability must both be guaranteed if existing 
wind turbines feed into the grid and if planned wind 
turbines shall displace conventional capacity. Regarding 
the latter, the available WECS capacity of a future 
period must be estimated. The estimation is difficult 
because of the random nature of the primary energy. Up 
to now, fossil fuels can be bought and deposited such that 
they are always available in the desired quantities. 
Furthermore, though hydro power depends on a primary 
energy which cannot be influenced by man, hydro power 

is not that stochastic as is wind power. This is best 
recognized by the fact, that hydro power is still avail- 
able even if it does not rain for some days whereas 

wind power is not any longer available as soon as the 
wind does not blow. These arguments demonstrate that a 
new methodology is required to calculate the available 


WECS capacity and the capacity credit of WECS. 
3. RESULTS OF WECS POWER OUTPUT CALCULATIONS 


The wind speed data we obtained were one hour averages 
(the Netherlands, Sweden (integer values!)), three hour 
averages (Japan) and two minute averages (USA). Anemo- 
meters were usually located at WMO-height, i.e. about 
10 m above ground level. The log law was utilized to 
convert the velocity data at anemometer height to wind 
velocity at the hub height of the wind turbine under 


consideration. 


This procedure is based upon several critical assumptions. 


These assumptions include that: 


are compensated by the conventional units. Otherwise, 
undesired excursions in system area-control-error (ACE) 
and frequency may occur. Analytical investigations and 
simulation studies indicate, that changes in unit com- 
mitment and dispatch strategy may be indispensable from 
a certain number of WECS onwards. The determination of 


the definitive changes requires a multitude of data, e.g. 


- Number and type of WECS. 


Given the load level and the wind regimes, these data 
determine the load share of the WECS power output. A 
load share of less than 1$ is unlikely to cause any 
changes [3], [5], whereas large load shares may re- 
quire an operating strategy which is completely dif- 


ferent from the one employed today. 


The siting of the WECS. 


A geographical dispersal may reduce the WECS fluctua- 
tions )< sum of deviations from the mean output in 
the period under consideration). 


The accuracy of the WECS output forecast. 


The mo-e the unit commitment can be based on reliable 
anticipatory information about WECS generation, the 
less regulating capacity will have to be made avail- 
able to protect against shortfalls in WECS generation. 
According to first investigations, the prospects of 
obtaining rather accurate wind speed forecasts do not 
look good, however [1], [2]. Therefore, rather accurate 


WECS power output forecasts are neither very likely. 


Unit characteristics. 


The compensation of the WECS output fluctuations will 
be facilitated, if the conventional generation mix 
includes many units with a high and quick load follow- 


ing capability. 
- System operating constraints. 
Detailed data with regard to each of these items were 


not always available. The predictability of WECS output 


has hardly been investigated up to now and the siting 


INTRODUCTION 


The increasing costs and impending scarcity of fossil 
fuels as well as strong public objection against nuc- 
lear power plants and fossil fuel burning facilities 
have increased interest in the use of wind energy for 
electricity generation. In crder that wind turbines 
will be added to the generation mix, however, "cost- 
effectiveness" must be assured above all. Because at 
the time of this writing large wind energy conversion 
systems (WECS) are still in a state of development and 
not yet commercially available, the cost of WECS are 
still unknown. Therefore breakeven cost of WECS have 
been calculated. The breakeven value gives the amount 
that can be invested in WECS with no cost or reliabil- 
ity disadvantages. The value is mainly composed of the 
fuel savings which result from displacing high cost 
energy produced by fossil-fired plants and the capac- 
ity savings which result from the displacement of con- 
ventional capacity or from the sale of capacity. In ad- 
dition, socioeconomique benefits (key words: non pol- 
luting energy source, no import of the primary energy) 
and socioeconomique costs (key words: visual impacts, 
television interference) should be included in the 
breakeven-costs as well. However, these costs and bene- 
fits cannot be measured in monetarv units like the fuel 
savings and the capacity savings. As I shall concentrate 
on the WECS evaluation on a business like level, socio- 


economique aspects will not be discussed in this paper. 


2. SYSTEM RELIABILITY ASPECTS 


It must be emphasized that the traditional methodology 
for utility planning and value analysis cannot be ap- 

plied to calculate the breakeven cost of WECS. This is 
because the random nature of the wind energy source 


calls for new methods to guarantee System reliability. 


Given a number of WECS which feed into the grid, System 


reliability requires that the WECS output fluctuations 
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2. SITES; INSTRUMENTATION 





Two high radio towers, both cylindrical and 1.50 m in diameter, 
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PRODUCTION SAVINGS The production savings per wind turbine if n wind tur- | Tab.4: Bandwidth of production savings per wind turbine SWEDEN 
ODUCTION S | 5 uu ra 
bines are installed, were calculated as follows: (Million $ 1985) 
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(Million $ 1985) 


The WECS power output formed the input for the calcula- 
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| | | h) uen. + 0 -Y 
tion of the production savings. 10% were subtracted from xno "` .—. _ number of WECS 
the gross output to account for forced outages. This net fuel savings O+M savings | | : - 
output was then again decreased to account for the fact, | | r ' سی‎ ; — 一 Men 
that conventional units will have to compensate for the annual power output per wind turbine (gross | GROWIAN t l | | | 50 100 
WECS power output fluctuations. Specifically, the spin- Output minus 10% for forced outages minus the 3 : ۳ | | | ا‎ 
ning reserve requirement is likely to be increased to operating penalty) | 0-8 MW | Benius icem P wr 
protect against a decline in WECS power output. ine p Daai ¿suska Ra POE L x - . - 
operating penalty is sketched below | GROWIAN سی لت‎ ha 








variable operating and maintenance costs of | 


conventional units in 1985 


present value factor of fuel savings (O*M savings) 
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Tab.7: Relative frequency distribution of the mean 
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if the peak load is also assumed to occur during day- 
plus WECS. 
| time (7h - 18h). 
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HIGH TIME RESOLUTION WIND DATA AND THE 
DYNAMIC PRODUCTION FUNCTION OF WECS 


Comparing these data with the 'projected' WECS costs of 
£ 2436/kW, it becomes obvious that wind power appears 


to be viable in the near future for utilities with good 


winds and expensive fossil fuels. 
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Tab.10: Capacity savings per wind turbine ( 
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Tab.11: Capacity savings per wind turbine (Million 
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6. CONCLUSIONS 


Having calculated the breakeven costs (production savings 


WECS, the next step prior to any 


* capacity savings) of 


investment would be to compare these costs with projec- 


Reliable estimates of WECS costs are, 


ted WECS costs. 


however, hardly available. 


1218/kW are cited in the literature [10 
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Cost data of ($ 


based on a production level of 120 MOD 2. The cost in- 
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Let us assume that these cost have 
'reliable' 85 1985/kW estimates for 


Sweden and Japan. Neglecting the capac- 


and annual O+M cost. 
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the Netherlands, 


ity savings and only ccasidering the 'worst' case pro- 


the following breakeven cost result 


from Tab.4 - Tab.6: 
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Tab.12: $ 1985/kW breakeven cost of production savings. 
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investment costs 
fixed O+M costs 
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annual escalation rate of fixed O+M costs 
discount rate (including inflation) 


WECS lifetime 


Typical parameters which were used in the reports are 
listed in Tab.8. The capacity savings which are given in 
Tab.9 - Tab.11 have been calculated with the parameters 
of Tab.8. 


Tab.8: Parameters used in the calculatıon of the capac- 


ity savings 


Nether lands | Sweden 


900 $ 1985/kW 198 5 /<W 
54 $ 7٢٤ | 6€ 1985 /kWwW 
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Capacity savings per wind turbine (Million § 1985) 


- the Netherlands 


number of WECS 
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2. SITES; INSTRUMENTATION 


Two high radio towers, both cylindrical and 1.50 m in diameter, 
were used as carriers for the instruments. One, near Aurich, Ost- 
friesland, 20 km from the North Sea coast, in flat terrain, 6 m 
above sea level, could represent a typical site of the second best 
category for a arge WEC; the other, Keilberg, on a wooded hill 
150 above the valley of the Danube, 4?4 m above sea level, far 


inland, was primarily chosen for comparison and for testing. 


At the Aurich tower we installed three anemometers and one vane 

on each platform at 58 m, 123 m and 196 m above ground, at Keil- 
berg one anemometer and one vane each at 46 m, 96 m and 191! m 

above ground, all mounted on arms at more than 4 m distance from 
the tower. All original data were obtained in ligital form by opto- 
electronic recording within the instruments, transmitted througn 
doubly shielded cables with booster amplifiers inside the tower and 
fed into a data processor in the transmitter building at the foot 


of the tower. In its mostly used mode of operation the processor 


decides automaticallv on the basis of excess or non-excess of a 
preset wind speed Vi at one of the platforms i=1,2,3 during the 


last calender minute whether 1 minute averages (v « Vi) or 1 
second values (V; > Vi) for the instruments are recorded, toget' 


with absolute time, on the computer tape machines. 


3. EVALUATION OF DATA 


These tapes, still containing the pulse rates of all instruments 

in operation during the recorded period, were processed in several 
steps in the computer centre of the University of Regensburg. Best 
values for wind speed and direction were thus selected for each 
height and laid down for every recorded day. (The anemometers nad 
been gauged in a wind tunnel.) Only part of the original tapes 

have been completely processed so far; at the time of this report 

we had at our disposal for the coast station cleared data for one 
minute averages from ca. 50.000 minutes (~40 days) and 400.000 one 
second values (~120 hours), for the inland station from 80.000 minu- 
tes (~00 days) and 200.000 one second values (~60 hours). Only pre- 
liminary evaluations of wind direction data have been made; they are 


not included in this report. 


The classification of the observation period into stratification 
classes (e.g. for simplicity stable, neutral, unstable) has for 
the purpose of this first report beer omitted; instead we focus 
on 1 second data, which were recorded in medium strong and strong 


winds, when quasi neutral stratification may be assumed. 
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on of large wind turbines with respect to static 
ss and the optimization of all control and regu- 
requires time series data on the actual wind 

ne resolution of 1ہ‎ second and from the relevant 
ition, including extreme values and space-time- 
iere are very few observations fulfilling these 
ince most of the long-time meteorological recor- 

n the basis of our knowledge of wind, operate on a 
st 10 min time scale. Thus practically all projec- 
‘rgy production of WECs, like those that resulted 
-iés of Annex III and Annex IIIa so far, were based 
speeds, predominantly 1 hour averages, and on the 
-ion that the converter operates at all times at 


iciency, i.e. with a production function P = P (v). 


yerages are supplemented by data in frequency repre- 


-he spectral density S(w) of the local energy fluctu- 


١ a limited knowledge exists for medium altitudes, 
j)rtant, but not sufficient information for the rotor 


WECS. 


ction and spatial coherence of fluctuating wind 


ments on a large WEC, 


xtreme control activities required for frequency 
tability, 


ynamical power production function P (v(r,t) in 


ind field 


wered, if long-time series of simultaneous fast 


n the relevant heights can be evaluated. 


e the motivation for a study: Simultaneous wind 
nts in different altitudes with high time resolu- 
being conducted in Regensburg since 1980 on behalf 


nisterium für Forschung und Technologie. The follo- 


, 3 and 4 give a short description of this project 


sults; in section 5 the question of the time-averaged 


tion of a WEC is taken up again. 
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-12 m/s or z 25 4 of the average u at the frequency of the 
rotor; 

superimposed on this perodic variation there is a fast local 
stochastic fluctuation of speed with a broad spectral distri- 
bution between 1 s and 5 min and a relative amplitude varia- 
tion of 10 $ ... 20 $; 

The vertical correlation distance of the fluctuations depends 
strongly on the prevailing stratification; for many strong wind 
situations, however, according to preliminary evaluations, it 
is of the order of 100 m; hence one may infer that at least the 
longer (and most intense) turbv!ent variations impinge more or 


less coherently upon most of the length of a large rotor blade. 


The first conclusions to be drawn from these facts and figures for 
the power production P (v (t)) and wear on a large WEC can be summa- 
rized as follows: 

(1) a rigid rotor (fixed or very slowly varying pitch a, fixed rpm) 
will not only experience a very large fluctuating component of 
the load, it will moreover be off the narrow optimum of the 
cp (à) curve at fixed pitch most of the time, even if it is 
correctly controlled according to the 1 min or 10 min average 
of speed and direction; therefore its actual power output 
P (v (t), will be considerably lower than the steadystate 


value P (v)l s 


a "soft" rotor with fast pitch control and/or variable rpm 
reduces the fluctuating load and improves the power efficien- 
cy considerably; most of the required pich control, however, 
lies in the frequency range between 1 s and 1 "wu in 
other words any active (e.g. hydraulic) mechanical control 
system will be subject to very high and fast fluctuating strain. 
Moreover instantaneous data on the incoming wind from several 
points over the rotor area would be required for such a fast 
active regulation; it appears likely that a system of strictly 
passive (e.g. coupled aerodynamic and mechanical) controls in 


preferable. 


A more detailed analysis of WEC performance for different types of 


machines, based on a complete evaluation of our space-time-registra- 


tions of the wind field and a comparison with the results of other 


authors and standard monographs will be undertaken at a later stage. 
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Table I: Statistical measures, largest observed values and time 
correlation data for Aurich station at medium strong an 


strong winds 


١ 
z~ 50 m | z — 120 m (hub) ہج‎ 190m 


Lind 15 ۱ I 
variation coefficients V =relative 
standard variation) of 1s-values of 
the velocity 


0.090 


L: Š 1min 
Variation coefficients V 
averages of the velocity | 


of 1 min- | 





Average acceleration within one se- 
cond al3[ms^?] 

r^ : at 
Average gust factor © : relative G 
positive/negative excess of speed 
over the 10 min average 


Yç‏ س 


. + 
Largest observed gust factors G m 
£ s 


extr. 


Temporal integral scale ٣ [s]: 
"average time length" of a turbulen- 


ce element 


Autocorrelation length X [m]: 
"average space length" of a turbulen- 


ce element 











5. CONCLUSIONS FOR THE PRODUCTION FUNCTION 


The results described in the last section allow some first, still 
largely qualitative conclusions for the power production of a WEC 
in the real wind field. 
For this purpose some preliminary information has to be added to 
the numbers given in tne table: 
(1) the average vertical gradient of the speed at z = 120 m is 
0.4 یس‎ P i.e. at the "points of attack" of the blades of 
a vergy large WEC at a distance of roughly 50 m from the hub 
we find in the rotating frame an average periodic variation 


i dic + = 
of the velocity with an amplitude AuPers = = 9.04 + 50 = 


٠۰ d 
۲ 
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4. RESULT 
4.1 TYPES OF RESULTS 


In theoretical terms the evaluation we aim at consists of a set 
of statistical measures of the space-time structure of the hori- 


zontal wind field. This involves: 


(a) results that are local in space and time: velocities, directions, 


accelerations, direction changes at one point in space and time 
and their statistical distributions in the different altidudes: 


one point measurements; 


results that we call two point measurements, i.e. involving 
two different points in time and/or space; they consist of 
data from one space point (altitude) at two times: gust fac- 
tors, autocorrelations ..., two space points at one time: 
velocity and direction gradients and their statistical dis- 
tributions and finally the full space-time correlation func- 


tions involving data from two different space and time points. 


The tasks within this full evaluation programme are in different 
stages of completion. As an example some of the relevant data 
referring to a very large WEC noar the coast will be presented 


here. 


4.2 TYPICAL DATA FOR A LARGE WEC NEAR THE NORTH SEA COAST 


The Aurich tower simulates very well the site for a large WEC: 

20 km from the coast in flat, nearly unperturbed terrain, its 
platforms at z ~50 m, z ~ 120 m and ہے‎ 190 m correspond tc 

lower edge, hub and upper edge of the rotor disk of a 150 - dia- 
meter turbine. For medium strong and strong winds (u "^" (22 120m) 

» 1O ms '), i.e. near and above full load conditions, we summarize 
some characteristic statistical measures for the fast temporal 
fluctuations of the longitudinal component of the wind field in 
Table I. As to the direction data and the vertical spatial corre- 


lations we have so far only very few evaluated and verified data, 


which will be briefly discussed in sec. 5 below. 


The different entries in table I show a very constistent picture, 
of the average and the extreme amplitudes of the turbulence and 
their height Gepenasnce; this amplitude is still surprisingly large 
at 50 m (e.g. a 15 $ average fluctuation over the mean values as 
shown in line 1), and decreases by a factor 2 when we go to 190 m; 


at the same time the longitudinal dimension of the typical turbu- 


lence element doubles in size when we go from z - 50 m to z - 190 m. 



































power system planning is a longterm procedure. For cer- Y ۱ 
Operation Planning 


tain, valuable information will be provided in the fu- 
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ture by the installation of some prototype turbines. The operation planning is the tool to schedule the gen 


The experience gained will help to circumvent possible ration to serve the load. Hence, input of the planning 
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TILITY SYSTEMS | first megawatt-sized wind park in the United States. advantages of mass production. Simultaneously, a sig- 
successful use is made of isolated large | nificant penetration asks for the effects of wind 


load trends and, of course, on weather forecasts. 


n a next step, the optimal selection of the various 


types of units to meet the load takes place. The optimi- 
Furthermore, ۱ 


wind turbines connected to the grid (San Gorgonio, USA; | turbines on the conceivable generation system. Present zation is carried out subject to minimize the procuction 


Nibe, Denmark; Clayton, USA). The experiences gained in- day value determinations of wind turbines as a basis costs. 
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pital costs and higher operating costs. From a technical gas. Pumped hydro is scheduled for peaking purposes, too. 
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to the integration of wind the schedule o£ 
load units needs to be emphasized. For rea- 
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Reguiating capacity requiremen 
period for AGC cf the conventi: 
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A system without tie lines must de 
lating capacity and load following 
there is no support by an external 
actions must prevent violations th 
certain limit. Otherwise the prote 
security restoration may even nece 


ding. 
OPERATING CONSIDERATIONS OF A WIND 


۹ Fa ٦ S = - 
As for all other systems too, a co 


. . - + ` - ' ^" 1 . 
a Signiricant number or wind <1 
‘ 


a 
security at minimum cost. 


As wind is a primary energy free o 


in principle be favorable to feed 
grid whenever it is possible. That 
oines are added to the mix of gene 


Obviously, for all that regulation and control suffi- 


a 
cient capacity has to be scheduled in the stage of the 


S 
operation planning. 


Three items gain therefore interest: the spinning reserve, 


the unloadable generation and the load following ramp 


rate. 


Spinning reserve is defined as the difference between the 
total capacity of all synchronized units assigned to re- 
gulation and the actual load on those units. Unloadable 
generation is the difference between the load on the re- 
gulating units and the minimum load that can be placed 

on the units. The sum of spinning reserve and unloadable 
generation is called regulating capacity. Load following 
ra.ip rate is the rate at which the load on regulating 


units can be changed (up or down), [8]. 


for the spinning reserve most of the guidlines pres- 
that it must be sufficient oliow the maximum 
ble increase in generation required in ten minutes. 
Without wind generation, the maximum probable increase 
in generation over a ten minute period is given by,[8]: 
The loss o£ the 


line power import, 
generation must 
the maximum probable decrease in 


۰ ` 
lven Dy: 


The loss of the utility larg 0 ie li power 


export, plus tne maximum decrease in load. 


security recuirements are sketched: 


The deviation in frequency is limited for the first in- 
stant by the individual generator frequency regulation 
as an automatic device. The extent of regulation de- 
pends on the proportionality factor of the speed gover- 
nor. Nuclear units are generally set free of natural 
regulation and thus have a proportionality factor ot Oš. 
As for the thermal units, the requirements prescribe a 
factor of 45-65 [2]. The capability of restricting fre- 
quency deviation to within prescribed limits is often 


labelled as natural governing action. 


Complementary, the total area deviation in frequency is 
registered as ACE. It is often required, that tne ACE 
must equal zero within the range of minutes (1O min). 
The corrective action to null the ACE is: The regula- 
ting units start contributing. The AGC uses participa- 
tion factors to proportion the ACE among the generating 
units scheduled to regulating duty. The participation 
factors reflect the capability of the unit to adjust 


its output to load changes. 


In the case that the single control area fails to full- 
fill the obligation to return the ACE to zero, reset ac- 
tions in all the other control areas result in contri- 


butions to the area in trouble. 


Supplementary, the AGC may activate the economic dispatch 
to allocate the slower responding but more efficient 


dispatch units. 


The size of the total interconnected system governs the 
initial ACE and the change in frequency after natural 

governor regulation is complete. The magnitude of load 
following capability provided by the area uncer control 


determines how quickly the ACE is nulled. The load follo- 


wing capability is said to be the maximum change in gener- 


ation due to regulation and economic dispatch combined [6]. 


190 m. 





lence element doubles in size when we go from z - 50 m to z - 


Real Time Operation 


Of course, the time table derived from unit scheduling 
is insufficient with regard to real time operation. The 
unit dispatch is, therefore, done by computer essential- 
ly continuously. The dispatch is the process where sub- 
ject to the minimization of the production costs the 
load is served by the optimal allocation of power out- 
put among the generating units. While the base load 
units are scheduled to perform continuously, the system 
load above base load is divided by the dispatch among 


c 


the cycling units at least every few minutes. 
For continuous control, the load is nct measured direct- 
ly rather as an indirect reading through the machine 


output frequencies. 


Thus, the system generation is controlled by the combi- 
actions of generator frequency control and autome-- 
generation control (AGC; of an operating area. The 
as basic measure of real time operation involves 
load £requency control (LFC). The LFC is the pro- 

cess whzre by a scheduled set point for the overall 

System the frequency and the net tieline power flow 

between operating areas is controlled. The area fre- 

uency deviation is measured as area control error 

(ACE). An operating area is the base unit, the multiple- 

interconnected system is grouped of. Each one of 
e operating areas is expected to adjust its own 
eration in order to absorb its own load changes and 


failures. 
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Based upon hourly data, the values 


the following, [4]. 


Table 2 indicate how much the mean hourly power out- 


put of a 2 MW wind turbine changes at the most from 


hour i to hour i-*2, and hour i to 


a year. The frequencies recorded, 


hour i to hour 1+1 , 


hour 1+3 throughout 


are subject to the condition that there is a power out- 


put in the t-th hour unequal to zero: 


¿l TL = : | 
(2) d. 7 maxi — 38 Š اعت‎ | i=1,2,3 
t Ss * 
where یمک‎ mean hourly wind power output in the hour 
j (270,1,...,i); Y #0 


The technical parameters of the wind turbine used are: 


rated capacity 2 MW, hubheight 80 m, cut-in speed 6.3 m/s, 


relative variacions 


, comparison the 


rated speed 13.1 m/s, cut-out speed 21 m/s. 


The following conclusions may be drawn: 


The relative frequencies of variations in power output 


for the two sites and the compound are rather constant 


over the years. Within the range of variations of 


horizon i. Thus, it can be in- 


[0$-10$] there is a distinct decrease along with an 


increasing forecast 


ferred that it becomes less probable that the power 


variations stay within a 10%-margin the longer the 


` 
Í 


becomes. The relative frequencies 


and (> 90$) increase with increa- 


forecasting horizon 


a 
within a bandwidth of variation of 10% to 50% remain 


almest constant. Instead, the frequencies within the 


bandwidths (50$-90$] 


sing forecasting horizons. That is, 


of more than 50% become the more likely the longer 


becomes. Finall 


y 
compound a reduction of the ad- 


the projection time 


single sites to the 


To which extent the conventional fuels are displaced, 
depends on some major factors. External factors of the 
fuel displacement are the wind turbine penetration rate, 
the wind park configuration and the wind turbines them- 
selves. Internal factor is the predictability of wind 


speed and wind power. 


Variability of Wind Power 


As the unit scheduling is generally programmed on a 


hourly basis, the predictability of hourly wind speed 


and wind turbine output becomes a major issue. Figure 
8 shows the actual power output of the MOD OA-wind tur- 
bine at Clayton, N.M. over a period of six hours in 


1979, [10]. 
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AS can be seen, the 

from hour to hour. 

the wind power variabili 
the reserve capacity to 
cation of power among 


units, a hypothetical perfec 


The time dependent nature of wind is evident. Hence 
following, the time of occurance of the wind power has 
significant impact on the type of conventional fuel 
displaced. In times the load is covered by base load 
units only, the wind power need to be dumped or sold 
to other utilities. In times of intermediate and peak 
load unit generation valuable fuels, such as oil, gas 


and coal can be displaced. 


For the reasons given, wind power cannot displace 
baseload fuel. Nor, due to the lack of control over 
the wind, wind turbines can be committed as regulating 
units. Hence following, wind power is appropriate to 
displace the power output of the cycling economic dis- 
patch and the peak load units. Fig.7 illustrates th 


load matching process in the presence of wind power. 


5 , 


base 3 








Load profile, wind contribution and the allocation of the 
conventional units meet 


enticing to treat the wind turbines power output as a 
negative load on the system. However, as mentioned be- 
fore, the large base load units are scheduled for con- 
tinuous operation. Thus, a modified negative load con- 
cept is suggested. Since start and stop procedures for 


the large nuciear and/or fossil fired units are undesi- 


rable from a technical and economic point of view, these 


units are kept on-line, even if wind power would have 
allowed the shutdown of some of these units. Ranked 
second to the base load units, wind power is committed 
next before the other conventional units. Then the in- 
termediate and peak load units must only supply the 
residual system load which is the total system load 
less the net generation from the baseload units and the 


wind turbines. 


As the wind speed varies, so does the wind turbine 
power output. Fig.6 shows the estimated production 
900 3.0 MW wind turbines would have produced in tn 
first two week of March 1975 in the Netherlands. The 
technical parameters of the 3.0 MW wind turbine are: 


` 
/ 


height 100 m, cut-in speed 6.5 m/s, rates speed 12./ m/ 


cut-out speed 24.0 m/s, [3]. 
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2. Wind measurements 


Wind speeds are being measu 
heights around 100 m. The ۷ 
out since 1978 or 1979. Vali 
speeds are stored. The mast 
in the southern part of Swe 


During phase one of tne int 
period of registrations hav: 
enough to test the analysis 
will be made of more measur 


3. Analysis 
1 Wind and power vari 


Measured wind speeds has be 
to express the variations ii 
the wind speed and correspc 
of single WECS has been ana 
from a number of several un 
statistically. 


The analysis has been made 

have been developed for the 
the total variations and ta 
account numerical methods h 
transformation from wind to 
curve. 


Example of results concerni 
in some figures. 


- Figure 1 shows the 
based on measuremen 
locations. The figu 
one hour mean value 


- Figure 2 shows the 
one WECS at hour 2 
was about 50 % of r 


- Figure 3 show the d 
from five locations 
power output at hou 
power. 


3.2 Need of reserves 
Reserves are now used to co 
and for emergency cases suc 


power is mostly used as res 
turbines are also used. 


b / 


pP Introduction 


In Sweden there are research projects going on that will give 
information of the economics and technical and environmental 
aspects on large wind power units (WECS). Two large WECS of 

2 and 3 MW size are under construction and are planned to 

be taken into operation in 1982. The research program is 
planned to give results »y 1984 that will be guiding for 
further decisions by the parliament and the government. 


One of the research fields concern the integration of the 
wind power in the future Swedish power system. These studies 
are being carried out by several Swedish power companies on 
behalf of the National Swedish Board for Energy Source 
Development. Phase one of the integration studies has been 
carried out. Phase two is planned to start in 1982. The in- 
fluence of wind power on the following fields are studied. 


long term and shore term regulation of hydro power 


frequency reserves for continous regulation of 
hydro power and reserves in thermal power 


power transfer on the network 


- connection of WECS farms to regional networks 


This paper gives a summary of the analysis which has been 
carried out concerning 


variations of wind speed and power output in 
minut and hour-scale 


need of reserves in hydro power to meet the 
fluctuations 


The Swedish State Power Board 


[Integration of Wind Power in the Swedish power system 
Wind Power variations and need of reserves 


Contribution by Kenneth Walve, SSPB 
to IEA Annex IIIa, 1982 
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EXAMPLE OF AONER VARIATIONS 
AT ONE LOCATON ( CALCULA TEO 
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Reference: Integrering av vindkraft i elproduktions- 


systemet. Sammanfattning av etapp 1. 
(Integration of wind power in the Swedish 
electric power system. Summary of phase 1) 
1982-04-30 


At present the report is only available in 
Swedish. 


The projects summarized above have been carried 
out by some Swedish Power Utilities on behalf 
of the National Swedish Board for Energy 

Source Development. 
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The wind power variations in the second and minute scale from 
various units are very little correlated. Thus the variation 
are expected to be considerably small e.g. in the order of 

* 80 MW for 3000 MW wind power installations. Furthermore, 
the very low simultaneity factor between wind power and 
normal load variation will make the need of reserves for 

fast variations even smaller. 


The variations in hour scale, however, will require 
considerable reserves. The analysis has indicated that 
variations of wind power output (mean hour) from a large 
region will vary 10-20 % per hour. This may be explained 
by the way weather systems affect the whole region. 


According to the above results the need of reserves in 
hour scale may be large whereas the need of fast reserves 
in the minute scale will be comparatively small. For 

the latter hydro power should be used. The slow variations 
may be compensated either by hydro power or thermal power 
running at partial load. 


[f the output from large wind power installations increase 
during some hours,hydro power has to stop and thermal 

power has to regulate down to partial load. But at low 
consumption there will be difficulties to regulate the 

hydro and thermal power to sufficiently low production. Some 
minimum water flow must be kept in the rivers and it is 
uneconomical to stop thermal units (and to start them again 
later on). 


4. Conclusions 


Wind registrations has been analysed. Wind power output 

may be expressed in statistical terms. Only limited material 
has been analysed but the methods appear to be very useful. 
The results may be interpreted in terms of required reserves. 


The results so far has pointed out the need of reserves 
especially in the hour-scale. Large wind power installations 
will require reserves in hydro power and thermal power 

that is easy to regulate. More peak units should be used 
instead of intermediate units. 


When considering the obstacles against wind power - economics 
and location of many units seems to be the major ones. And 

of course the technical problems have to be solved. The inte- 
gration of wind power in the power system will not cause large 
problems, as far as the first few TWh/year of wind power are 
considered. 
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Development of improved tect 


The rather discouring result 
study above made it 68 71 
bilities of improving forec: 
this field has therefore cor 
ration with the Department < 
in Linkóping. 


In the present program the « 
forecast range 3-18 hours al 
ties. Longer forecasts have 
of the large scale numerica. 


For the range 3-6 hours ahe: 
statistical models based on 
tic stations and on site ma: 
developed which reflect boul 
vant to surface layer wind : 
roughness parameters. 


For the range 6-18 hours ah 
boundary layer model at SMH. 
will be coupled to the larg 
dary values as well as loca 
operational LAM (Limited Ar 
care will be undertaken to 
site specific conditions. 


Prospects are not looking t 
tempts in statistical extra 
techniques have yielded enc 
shows the standard deviatio: 
wind forecasts at the place: 
Bromma Airport in southern | 
data. The standard error of 
improvement over persistenc 
son (1982). The figures obt: 
approaching the values requ: 
above. 


Linköping Ronn: 
A B C A 
1.22 1.38 5 1.2 
1.2 1.42 2.38 1.19 
1.21 317.61 Zot 1.29 
1.18 1.62 2.03 1.16 
1.2 1.9 4.49 1,421 


A = Standard deviation of f 
obtained by cross-valid 


B = Standard error of persi 
- Standard deviation of w 


Table ا‎ Results for +3 hou 
in terms cf stande 


رم 


n 


Month 


Januery 
February 
July 
August 
Mean 


Figure 1 indicates similar results. In this figure RMSE 
and hit percent (class 283) are plotted as a function 
of projection time for three different methods. Fore- 
cast error expressed in RMSE is much larger for the US 
coastal sites than for Forsmark in Sweden. The error 
is growing almost linearly with time. After about 8ط(‎ 
forecast length the numerical forecast for Forsmark 
becomes better than the subjective one. On the other 
hand MOS-forecasts are better in terms of hit percent. 
This must be due to the larger wind variance at the US 
sites than in Sweden. 


None of the described forecast methods meet the rather 
stringent requirements put forward above. Because of 
this and the savings involved in better wind forecasts, 
it seems to be important to encourage the development 
cf improved forecast methods. This is mainly the respon- 
sibility of the national meteorological services. The 
required effort depends very much on the local wind 
climate, i e the predictability of the wind. In middle 
and high latitudes present day methods seem inadequate 
and research and development are recommended along the 
following lines: 


(a) Improving the basic numerical forecast models used 
by most weather services by increasing numerical 
resolution and introducing more sophisticated bounda- 
ry layer parameterization schemes. This can be done 
by upgrading the present computer capacity; 


Developing improved statistical techniques involving 
new predictors more relevant to boundary layer 
winds; 


Developing and implementing numerical boundary layer 
models in one to three dimensions, depending on 
local terrain features. This is probably the most 
promising way of getting better forecasts. It de- 
pends, however, on point (a) above; 


Improving boundary layer observations. Each wind- 
energy site must have adequate wind, temperature 
and .umidity observations, at several heights up 
to .00-300 m, either by remote sensing techniques 
or from mast observations. Time series long enough 
to allow statistical models to be developed must 
exist. 


An attempt to compare different forecast methods is 
made in table 3 where persistence forecasts and RMSE 
normalized by S bá have been added to facilitate a 


comparison. The US-site Montauk Point is on the American 
east coast and would resemble Forsmark in that respect. 
Both the American and Swedish methods show about the 


وہ ] 


same improvement over persistence in RMSE. However, 


the MOS-forecasts give better results in terms of column 
1 and hic percent values. 


forecast length 


with 


Forecast length: «12h 


- May 


50 m 


December 


MOS-primary (Montauk Point) 


( " A ١ 


“ 


MOS-backup 


Numerical/statistical (Forsrark) 
Persistence (Montauk Point * Forsmark) 


MOS-B Pers/MOS Num/stat Pers/NS 


72 70 6 3 

53 27 34 

64 72 65 

52 71 65 

19 u 1 29 

43 61 36 
08 3.92 2.27 2.88 
77 1.95 0.83 rok 


86 
47 
75 
59 
32 
71 


i 


w e 


0. 


MOS-P 

84 

36 

79 

64 

38 

71 
2.93 
0.73 


Comparison between different methods. 


hit percent 
class - 


«30 h 


Forecast error and its variation 


forecast length. 


Comparison between 3 fcrecast methods for 
50m level. Averages over whole periods. 


Height: 
Period: 
Methods: 


Colum 1, 3 

Colum 2, 253 

Hit percent, 2&3 
Hit percent, (total) 
Skill score 
Correlation 

RMSE 


RMSE/G |，。 


Table 3 


, MOS- primary (3 US coastal laations) 


/ Period 1-0 


T 


«30 h fore«os length 


^ Num/Stats (Forsmark Sweden) 
Period 7809 - 7905 
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Coherence 


Coherence studies 


Some preliminary evaluations of coherence functions 
have been carried out. Coherence is defined as the 
spectral distribution of the correlation between two 
time series, e g u(xı,t) and u(x2,t) at the locations 
x, and x;. 


Co2(n) + Qu?(n) (1) 
S. (n) S, n) 


si 2 


Coh (n) 


where Co(n) is cospectrum, Qu quadrature spectrum anc 
S the energy density at the frequency n(in Hz). Figs. 
3 and 4 show coherence functions from different parts 
of Sweden. In fig. 3 the separation between Smy gehuk 
and Falsterbo is 34 km and averaging time 10 minutes. 
In fig. 4 the horizontal separation is 200m. In this 


latter case there is a significant correlation down 
tc periods of the order of a minute. 


Generation of long time series 


Swedish utilities usually have long records, about 30 
years, of hydropower production hour by hour. The 
main deficiency with the mast measurements of wind 


— 
٠ 


velocity is the relatively short time series avall- 
able so far. Since hydropower will be used extensively 
to regulate wind power it would be useful to have long 
time series of wind velocity for simulation studies. 
In order to generate time series using mast data as 
well as traditional surface wind observations sta- 
tistical models of the ARMA-type have been developed 
at the Department of Meteorology, Uppsala University. 
and the Institute of Technology in Lund, see Alexan- 
dersson (1981). 


Skellefted ° 


Figure 2 


Statlons for wind energy measure- 
ments. 


€ Masts with advanced instrumen- 
tation at several levels. 


O Mast with measurements at one 
level only. 


Osthammer 6 Y 


o asterás 


<> 
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Wind information for integration studies 
The Swedish mast measurement program 


Wind data of different kinds have been collected in 
different field programs. Besides these special in- 
vestigations 14 instrumented masts have been operated 
over a longer time to provide data for integration 
studies. Swedish utilities have expressed interest in 
having data according to 


hourly averages from 5-7 places in the country; 
Averages over some minutes within a region, 


Averages over some minutes from 2-3 places within 
the country; 


Averages over seconds within a hypothetical group 
station (cluster of WECS); 


Instantaneous values from one place. 
m a meteorological point of view coherence Studies 


w that varying averaging times imply Specific sepa- 
ion distances over which correlation is to be found. 


example,on the scales of seconds separation distance 


order of tens of meters and for 60 minutes 
hundreds of kilometers. 


2 shows the 14 masts presently operated in Sweden 
Maglarp and Násudden are the locations chosen 
e first two Swedish prototype WECS. The masts 
resented by filled circles have a more advanced in- 
umentation. Of particular interest are the masts in 
and Maglarp which have been used for studies 

gional integration. They measure ter. minute 
averages at 2 and 3 levels respectively. 
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In a special program two masts, tuated outside Vad- 
stena in southern Sweden, only m apart,have been 
instrumented for measuring wind SI irection and 


temperature at 60m and 125m. LI ime was 20 
L D 


seconds and the campaign lasted g 1 . Data are 
presently being converted and ch 





niques for wind forecasting 


-s from the IEA-Annex 1 

y to look into the possi- 
ist methods. Research in 
itinued at SMHI in collabo- 
yf mathematical statistics 


-mphasis has been put on the 
lead as required by utili- 
to await the development 

L forecast models. 


id we are concentrating on 
local data, i e from synop- 
st data. Predictors are 
idary layer conditions rele- 
speed, e g stability and 


sad the one-dimensional 

[ will be used. The model 

> scale flow by using boun- 
] advection terms from the 
2a Model) at SMHI. Special 
tune model constants to 


oo gloomy. Some initial at- 
polation using regression 
ouraging results. Table 4 

1 of forecast error for +3h 

s Linkóping, Ronneby and 
Sweden based on 6 years of 
about 1.2 m/s means a clear 
e of about 20$ (see Hermans- 
iined in this pilot study are 
[ped by utilities referenced 
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Summary of presentation 


Do WECS have 


by A.. 


After a general discussion of the 
for electricity supply planning (] 
bility methods, frequency-and-dur: 
of capacity credit of wind power : 
will be given, first of all direct 
but also by using methods which t: 
ventional power plants into accour 
The second part of the presentati« 
conventional power production syst 
amount of wind power. The effects 
of the system will be discussed, = 
investment. 
Finally (or in a separate presente 
be given on one important aspect c 
quired spare power available at a 
where wind power at one or several 
The following conclusions are reac 
- Reliability criteria based on tl 
loss-of-load situations show adv 
- The capacity credit of WECS is a 
integrated with an existing powe 
on criteria used, operational re 
- The capacity credit becomes mear 
system can be optimized, taking 
account. In that case the capita 
than expressed by the simple cap 


Publications > pee following 

[1] A.J. Janssen, T.D. Oei, J.B. D 
assessment of wind power integ 
system, ECN-101 (1981). 

[2] A.J. Janssen, À frequency and 
of wind integration. ECN-82-00 
Engineering. 

[3] A.J. Janssen, Operating consid 
wind-assisted utility systems, 
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Special studies of boundary layer structure in 
disturbed conditions 


The location of one of the two Swedish prototype WECS 
is on a peninsula, Násudden, on the southwestern coast 
cf Gotland, the island in the middle of the Baltic. At 
Násudden there is a 145m high mast instrumented with 
sensors for wind and temperature. In addition there 
been campaigns with special turbulence probes at 10, 
and 135m, and pilot balloon tracking. One such case, 
28-30 May 1980, with winds out of southeast shows very 
clearly a shallow unstable layer close to the ground 
topped by a very stable layer of marine air. Turbulence 
measurements show that turbulence above the unstable 
layer dies out very quickly above 100 metres (see 

fig. 9). This figure is reprinted from Smedman and 
Hógstróm (1982). In this study various aspects of tur- 
bulence and boundary layer behaviour are examined, 
especially turbulence spectra from different flow re- 
gimes during day and night. It is worth noting that the 
building up of internal boundary layers in narrow 
coastal zones can create large vertical shears in 


wind speed and turbulence across the rotor of a large 
ure 


WL. VO. 

Some other interesting phenomena have also been ob- 
served at Násudden like low level inertial oscillations 
leading to very strong supergeostrophic winds. 

















ypical surface layer conditions during day- 
time of 28 May 1980 at Násudden, Gotland. 
To the left is shown potential temperature, 
middle u = /-u'w' and night heat flux. 
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2. SPECIFICATIONS 
2.1. Turbine characteristics 


For wind power integration studies the relevant turbine characteristic 
is the power function, which describes the output power Pe as a 
function of wind sreed v at hub height. For a turbine design with 
specified power coerficient Cp, rotor diameter D, rated output power Pr 
and cut-out wind speed MI the power function can be calculated as 


follows 


2 
= 3 ay 3 < 2.1.1 
Pe = 1 pv? Cp) — n, ng， Pe < Pr ( ) 
where 
0 is the air density (= 1.2] kg/m?) 
À is the tip-speed ratio 
n is the transmission efficiency 


n is the generator efficiency. 


If the turbine is operated at a specified constant rpm the tip-speed 
ratio and, hence, Cp are dependent on v. If variable rpm operation is 


possible Cp will be kept at its maximum value. 


The present calculations were performed for a standard wind turbine 
defined within the framework of the Dutch National Wind Research 
Program. The power coefficient curves of the turbine are shown in fig. 
l. These curves were obtained from the Dutch National Aerospace 
Laboratory and are based on calculations |8| as well as on measurements 
|9|. Table 1 shows the main characteristics of the standard turbine. 
Two power ratings are specified. The 1 MW system is suitable for sites 
on the North Sea and wind-rich regions along the coast, whereas the 
0.6 MW system is more appropriate for inland sites with poorer wind 
conditions. The AC/DC/AC converter system, proposed by Eindhoven 
University of Technology, delivers power at constant voltage and 
frequency. It offers a high efficiency flexible coupling between rotor 
and electrical grid and enables the rotor to be operated at maximum 


Cp equal to 0.45. 


cn n cs 
à 
— 


Several procedures to calculate the displaced capacity are described 


in chapter 3. Results are presented of calculations of the capacity 


credit due to wind power plants at several locations on Dutch territory. 


Chapter 4 deals with preliminary considerations with respect to the 
kind of conventional plants that could be displaced by wind power. 
Possible shifts in the mixture of plants constituting the conventional 
supply system are indicated and, in connection wit^ this, shifts in 


primary energy sources consumed are given. 


|. INTRODUCTION 


In electricity generation planning studies two topics play an important 


role, viz.fuel consumption and power supply reliability. Although 


th. ^ two topics are closely related, they are usually studied separately 


using different calculational methods. Data on fuel consumption 


(and its optimization, can be obtained with simulation models which 
determine the production of the individual plants on line at each 
moment of the period under investigation. Forced (unplanned) outages 

of the plants are usually neglected in these models. Supply reliability 
can be calculated with probabilistic methods, which determine the 
amount of generating capacity to be installed in order to satisfy a 
designated reliability criterion. In these probabilistic methods the 
assumption is made that an ideal control system exists, such that any 
plant which is technically available can produce power immediately, 
whenever this is required. This assumption also means that no cycling 


constraints of the piants would exist. 


For th. assessment of the value of wind energy for central electricity 
utilities both subjects mentioned above should be considered and trans- 
lated into fuel savings and conventional capacity savings. Again, they 
can be studied separately. Simulation models specially developed to 
quantify the amount of fuel saved by wind integration are described in 
e.g. ref. |1,2,3,4 . Probabilistic models which determine the capacity 
credit of wind power can be found in ref. 11,5,6,7|. This report will 
deal with these probabilistic models. In view of the above-mentioned 
assumption made in these models, i.e. the existence of an ideal control 
system, the capacity credit calculated with these models may be an 


overestimation. The degree of overestimation will depend on the control 


properties of the conventional plants and the adopted operating strategy. 


This report summarizes the results of wind power integration studies 


performed by ECN within the framework of the Dutch National Wind Research 


Program. Chapter 2 1s devoted to the technical information, viz. wind 


turbine characteristics, wind data and power demand characteristics. 


STATISTICAL METHODS FOR THE ASSESSMENT OF 


WIND POWER INTEGRATION INTO THE ELECTRICITY SUPPLY SYSTEM 


BY 
A.J. JANSSEN 
T.D. OEI 
J.B. DRAGT 


Abstract 


The report summarizes the results of studies on system integration 
problems of wind power, conducted at ECN within the framework of the 
Dutch National Wind Research Program. Statistical methods, determining 
power supply reliability, were used to evaluate the conventional 
capacity that can be displaced by wind power. Characteristics of two 
standard wind turbines were used, together with wind data of four 
Dutch weather stations. System demand and conventional generating 


plant relevant to the Dutch grid were considered in the calculations. 


A statistical method was also used to point out trends with respect to 


possible fuel savings due to wind power integration and desirable 


changes in the conventional plant mix. 
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In Chapters 3 and 4, were derived, for each individual location as 











For the two on-shore locations the data files contained, amongst 





; well as for various combinations of locations. In the latter case 


Table 2. Power functions of the 1 MW and 600 kW systems others, hourly averaged wind speeds measured at a height of l4 m, 





For the calculation of Pe(v) the transmission losses were assumed to e 1 t f i lled wind 
quai amounts of installed wind power capacity were taken at each 







and wind-direction dopendent correction factors to translate the 






be constant and equal to 47 of rated power at the rotor axis (thus l l 
location of interest, and only those hours were considered for which 





| MW system 600 kW system measured values to wind speeds at a standard height of 10 m in flat 






































































































































































































































































































































































































































































































































































































































nie is dependent on v), in accordance with ref. |10|. The efficiency date were available for all the locations of int 
of the synchronous generator was obtained from ref. |11]: v (m/s) | Pe(kW) | v (m/s) | Pe (kW) open terrain. Corrected wind speeds at 10 m height were extrapolated Pisures 3 co $ ai 7 ۱ °" paste 9 
to hub height (40 m) using a roughness length zo = 0.03 m for open give an impression of wind turbine output variability. 
و‎ Pe ےو وس وآ‎ Qi < 5.07 0 < 4.34 0 wn —- relative variation of annual average output power in Den Helder 
g ib dli ۳ 0.785 58 10 4.51 1s shown in fig. 3A. The average seasonal power variation is shown 
Pr? 200 "e سی‎ " 40 . omm PF (2.2.1) in fig. 3B; here the years were divided into 13 four-weeks periods. 7 
6.33 66.7 5.38 40 Yio InlO-In zo The average diurnal variation in Den Helder is given in fig. 3C. | 
The losses in the AC/DC/AC converter system (n > 0.97) were neglected. v Ñ ES Z He da Hash be e dide daba euialad Mui (GNE) ہے‎ pasaron oh سس‎ 2 locations) and 
The resulting power functions for the two systems are given in table à 7 $.4À T only three-hourly) wind velocities at a standard height of 20 m esti- 7 — 51807۰ 
m 7.96 200 6.74} 120 mated from visual inspection of the wave character near the light- A few words should be said about the interpretation of the wind-data. 
| | | 140 ships at these locations. These velocities were extrapolated to 40 m |. After the calculations to be described in this report had been per- 
It should be mentioned here that wake effects in turbine clusters have ones — — height using a roughness length zo = 0.0002 m: formed we were informed by KNMI that the recorder systems of the 2. 
not be taken into account in this study. 8.58 E ipe ۳ " anemometers at Den Helder and Urk had not produced the true wind 
em E 0 an سر‎ A م‎ 537 (2.2.2) velocities E In the — 7 velocities relevant to turbine 
" ^ power calculations the velocities should be decreased by 2.52. 
Characteristics of standard wind turbine aad og a - Table 3 gives some relevant information on average wind speeds. This would involve a reduction in average power output of about 
Rotor diameter D 9.82 433.3 8.31 260 | | | - “i J ۱ ۱ = 
۱ w ai Table 3. Average wind speeds v at hub height (40 m) and wind In the extrapolation to hub height for the locations Den Helder the 
Hub height h : 40 m سید‎ — turbine load factors at four weather-stations. and Urk an average direction-independent roughness length z. for 
Number of blades . 2 10.25 500 8.66 300 flat open terrain was assumed. However, the surroundings of these ü 
Operating node + einen: سم میس مسب ای — 11و 360 9.15 600 10.82 و‎ š (m/s) teed factor weather stations are quite non-uniform (partly open water, partlv 
Power regulation technique : rpm/blade pitch control s و سو عه‎ 7 | more or less open terrain). Fortunately, from some test مع‎ 2 
01 : و‎ - U. Den Helder 1955 - 1971 8.75 0.37 (1 MW system) tions using direction-dependent roughness lengths it could be 7 
Power rating Pr : 1000 kW, or 600 kW, 12.4. adi ips 0 Urk 1260 7 1975 7.20 0.36 (0.6 MW system) concluded that the average velocities at hub height at the two De! 
Electrical system : synchronous generator + kgs IE aps 88 D —— 8.25 0.32 (1 MW system) locations, calculated vith constant Z9, are fairly accurate, they (tl 
rectifier * solid state ۱ ye | ' ۱ ngos É Goeree 1962 - 1970 8.05 0.31 (1 MW system) should be decreasea by only a small amount of about 0.1 m/s. si: 
Lent o ° ' 3. Extrapolation factors are, in fact, dependent on many factors, Th 
Cut-out wind velocity v,, 20 m/s (at hub height) | | | e.g. the temperature gradient and, therefore, the time of the day. Mo: 
00 رر — کی سن وم اعد و سے‎ qum A ^ 
Wind data were made available by the Netherlands Royal Meteorological پر سد سیت‎ AME سو‎ abo اوہ و الاب سو‎ s: 30 s : 1-0038 above 80 1: iR 
Institute (KNMI) for two on-shore weather stations - Den Helder and the other locations the | MW system was used. Resulting turbine load 3C سب‎ d attracti I — m 07 "e. on 
Urk - and for two off-shore stations - Texel and Goeree -. Fig. 2 سوہ‎ eei نت اليد شس ے‎ ۱ " with respect 98 system ee will al. 
too optimistic. Furthermore, it should be mentioned that The 
























































G equal to 3.2% of peak demand) can easily be taken into account in 






the load duration curve by taking the convolution product of the fore- 


. Ihe 









cast load distribution and the uncertainty distribution |16 






resulting "effective" load duration curve for 1985 is included in 


fig. 6. 







































Under stable weather conditions the wind speed can be quite low 
at ground level but will still be reasonably high at higher 
altitudes. Therefore, generally speaking, extrapolation factors 


, | 


are dependent on wind speed |13,14 . The factors used in this 





report are appropriate for wind speeds at ground level higher 

than about 5 m/s but will have led to an underestimation for 

lower wind speeds and, therefore, an overestimation of the time 
fraction with no turbine power output. The consequences of this 
should be investigated in more detail. 

The wind regime in Den Helder cannot be considered as typical 

for Dutch coastal locations. Comparison of v in table 3 (8.75 m/s) 
with the isotachs shown in fig. 2 leads to the conclusion that 

Den Helder is a singular case with exceptionally high wind speeds. 
Also, Urk cannot be called a typical inland location; it is ex- 
posed to relatively high wind speeds. 


A high accuracy cannot be attributed to the estimated wind speeds 


at the off-shore stations. According to KNMI 1131, average speeds 


at 40 m above the North Sea near the Dutch coast are about 8.5 m/s. 


The average values shown in table 3, in particular for the light- 


ship Goeree, are on the low side. 


-h these considerations and restrictions it may be concluded that 
> available wind data are very useful for parameter studies of wind 
yer integration, whereas absolute values of study results should 


handled with some caution. 


). Electricity demand 


railed data of total power demand were made available by the KEMA 


ne Dutch Central Electricity Research Laboratory). The data con- 


sted of half-hourly load values realized in the years 1975 and 1978. 


( load duration curves of the two years are shown in fig. 6. 

st of our wind integration studies were carried out for the year 
35. In accordance with ref. |15|, it was assumed that peak demand 
that year will be 11472 MW, that is 2475 higher than in 1978. To 
rain the load duration curve for 1985 it was further assumed that 


| load values realized in 1978 will increase by 247. 


» forecast uncertainty mentioned in |15| (normal distribution with 





